Previous studies have found the size scaling exponent of metabolic rates in unicellular algae often deviates from the exponent of
INTRODUCTION
From bacteria to large mammals, body size is used to predict metabolic rates: (Chisholm, 1992) . In contrast,
)
is commonly
when the metabolic rate is normalized to body mass (Peters, 1983) . Since this paper focuses on carbon-normalized rates, this exponent will be referred to as the
rule. For cellular metabolism, the size scaling exponent is referred to as the 0 £ ¦ ¥ law or Kleiber's rule. Cullen et al. (1993) suggest cell size should be included in descriptions of phytoplankton growth intended for biogeochemical models. Cell size has been used to predict sinking rates, nutrient acquisition, light absorption, primary production, growth, respiratory, and photosynthetic rates in phytoplankton (Joint and Pomroy, 1988; Agustí, 1991; Kiorboe, 1993; Tang, 1995) .
Several studies suggest that the size scaling exponent of metabolic rates in phytoplankton deviates from the
rule (Taguchi, 1976; Lewis, 1989; Sommer, 1989) . Some of the variability in the size scaling of phytoplankton metabolism may be in response to environmental conditions. Banse (1976) predicted a change in the metabolic size scaling exponent with a degradation in growth conditions, and Schlesinger et al. (1981) found an increase in the size scaling exponent of the intrinsic growth rate of freshwater algae with decreasing light intensity.
Although many mechanisms have been suggested, the cause of size scaling of metabolic rates is unclear. Several hypotheses attribute the cause of size scaling of metabolic rates to morphological features and physiological processes not available to unicellular photoautotrophs (Kleiber, 1961; McMahon, 1973; Peters, 1983) . For example, West et al. (1997) rule based on the branching of tubular transport mechanisms of the mammalian cardiovascular system that is clearly not applicable to the unicellular protozoa (Beuchat, 1997) . Banse (1976) suggests that the surface area to volume ratio may be responsible for the size scaling of metabolic rates in algae. As the volume of a cell of constant shape increases, the surface area to volume ratio decreases. This will alter rates of passive gas and nutrient diffusion per unit volume, resulting in a size scaling exponent of
, not the commonly accepted value of ¡ ¢ ¤ £ ¦ ¥ (Hemmingsen, 1960; Kleiber, 1961) .
Light absorption may be responsible for the anomalous size scaling of the metabolic rates of phytoplankton (Finkel and Irwin 2000) . Unlike heterotrophs, autotrophs depend on the absorption of light to drive their metabolic processes. Light absorption is a non-linear function of the composition and concentration of pigment and cell size (Morel and Bricaud, 1981; Kirk, 1994) . The optical absorption cross-section of phytoplankton cells (m (mg chl a) ) is given by
where
and
(m (mg chl a) ) is the chlorophyll-specific absorption of the photosynthetic pigments in solution,
6
and @ are dimensionless,
is the intracellular chlorophyll a concentration, and R is cell diameter (m).
An increase in cell size and/or intracellular pigment concentrations results in a decrease in
, referred to as the package effect (Morel and Bricaud, 1981) . Assuming uniform
, and that
size scaling of metabolic rates reported in heterotrophs still occurs in autotrophs, steeper size scaling is expected for the anabolic rates of light-limited unicellular autotrophs (Finkel and Irwin, 2000) . The exact nature of the size scaling of the anabolic rates depends on the relationship between
and cell size. The general idea is that the package effect modifies the size scaling of light-limited metabolic rates by changing 
MATERIALS AND METHODS

Phytoplankton cultures and growth conditions
Eight centric diatom species were chosen, representing a wide spectrum of cell sizes:
Chaetoceros calcitrans (CCMP1315), Thalassiosira pseudonana (CCMP1335), Chaetoceros sp. (CCMP1583). All species had numerous discoid chloroplasts, except for the Chaetoceros spp.
which have one or more sheet-like plastids (Round et al., 1990) . All cultures were obtained from enriched,
-m filtered Bedford Basin sea-water (Guillard and Ryther, 1962) . The cultures were illuminated by a combination of broad spectrum Sylvania Cultures were manually agitated approximately once per day.
Semi-continuous culture technique (Ukeles, 1973) kept the cultures in exponential growth for a minimum of three generations prior to the photosynthetic experiments. The exponential growth rate was considered reached once the growth rate no longer increased with an increased rate of influx of new culture media. To minimize bacterial contamination careful aseptic technique was used in the maintenance and growth of all cultures.
Estimates of phytoplankton biomass
The diameter (R ) and height (g ) of the diatoms were measured under the microscope with an ocular ruler. For each species, between 80-100 measurements were made of each dimension. The average cell volume was calculated from the average cell height and average square radius, assuming all cells to be cylinders. Two sets of cell size measurements were combined to derive an average estimate of cell volume associated with the growth rate. Hyalodiscus sp. doublets were treated as single cells because doublets were surrounded by a thick mucilaginous coating.
Chlorophyll a concentrations were determined fluorometrically, in triplicate, from samples concentrated on filters and then extracted for 24 or more hours in ice-cold 90% acetone (Holm-Hansen et al., 1965) . In addition, HPLC analysis provided estimates of the concentration of chlorophylls, carotenoids and other accessory pigments in a subset of the samples. Samples were run on a Beckman C18, reversed phase, 3-mm Ultrasphere column using the solvent gradient system of Head and Horne (1993) . Fluorometer estimates were calibrated with HPLC determinations of chlorophyll a. Carbon content was determined with a Perken-Elmer 2400 CHN Elemental Analyzer. Phytoplankton were filtered onto pre-combusted GF/F filters and placed in the freezer or desiccator until analysis.
The number of cells per unit volume for the five smallest diatoms was determined using the Levy Improved Neubauer and American Optical Brightline haemacytometers (both 0.2 mm deep). For each cell density estimate a minimum of four slides were counted. The cell densities of the three larger clones were determined using a Sedwick-Rafter chamber, divided into 11 fields of view. Generally, two to four chambers were examined. When practical, enough cells were counted to keep the coefficient of variation of the mean population estimate below 20%. The § W h growth rate ( in g i ) was determined using linear regression as described by Guillard (1973) .
Photosynthesis-irradiance (PI) experiments
Photosynthetic rate was estimated with NaH A p CO , following Irwin et al. (1986) , with some modifications. Each experiment employed 30 light bottles and 3 dark bottles, which were filtered after a 1 h incubation at the experimental irradiance. Inorganic carbon was removed by placing the filters over concentrated HCl for 20-30 minutes prior to placement in scintillation fluid.
Disintegrations per minute, measured by a Beckman LS 5000 CE liquid scintillation counter,
were converted to photosynthetic rates as described by Geider and Osborne (1992) . A three-parameter hyperbolic tangent function was fitted to the PI data: represents the dark respiratory rate in mg C h (Platt and Jassby, 1976) . The ratio max r was calculated to determine the irradiance at which photosynthetic capacity is reached. In all cases, r was higher than the growth irradiance, verifying that all experimental species experienced light limitation.
Oxygen consumption
Changes in oxygen concentration were determined in the dark by an ENDECO oxygen electrode system calibrated with a series of Winkler titrations following the method of Levy et al. (1977) and Kepkay et al. (1997) . Electrodes were pulsed every 5 minutes over a 24-30 hour period in a one litre jacketed glass vessel held at 20a C. The rate of oxygen consumption changed over the course of the incubation. Due to a variable rate of oxygen consumption over the first several hours, the rate of oxygen consumption over the last 14 hours of the incubation is presented. As in Blasco et al. (1982) a respiratory quotient of one was used to convert moles O (moles C X h) to h .
Phytoplankton absorption measurements
The ratio of incident irradiance to transmitted irradiance, the optical density, was obtained from a Shimadzu UV-2101 PC spectrophotometer equipped with an integrating sphere. Phytoplankton cultures were filtered under low pressure onto GF/F filters. The same volume of filtrate was filtered under low pressure onto a second GF/F filter. The two filters were placed in the spectrophotometer in special filter holders, with the filtrate collected on the second filter serving as a blank. The absorption of the phytoplankton culture and detritus was estimated using the methods described in Hoepffner and Sathyendranath (1993) and references therein. A correction factor was applied to the optical densities determined from the filters. The correction factor (path-length amplification or -factor) was determined by fitting a two-parameter quadratic function to the experimentally determined optical density data from filters and in suspension, as described by Mitchell (1990) . Spectrally averaged absorption ( ! ) was calculated by integrating the absorption over all measured wavelengths and dividing by the number of wavelengths measured
Quantum yield
The quantum yield of photochemistry (o ) following Olson et al. (1996) where
The quantum yield of carbon fixation (o
where 0.231 converts mg carbon to moles, hours to seconds, and mol quanta to moles of quanta (Platt and Jassby, 1976) . Note that o $ u may be an over-estimate of the true value because may provide an estimate closer to gross than net photosynthesis. The effect of the spectral quality of the tungsten light on photosynthetic efficiency was corrected according to Kyewalyanga (1997) .
At the growth irradiance, the quantum yield of growth (o x w ), was calculated following a simplified form of the equation provided by Sosik and Mitchell (1991) : 
Regression analysis and the determination of size scaling exponents
According to the allometric power law (Equation 1), metabolic rates can be described by an expression relating cell size to an exponent. Least squares regression analysis (OLS) and reduced major axis regression (RMA) were both performed to determine the size-scaling exponent and intercept. According to Ricker (1973) and LaBarbera (1989) RMA is preferable to OLS, although results will converge as the correlation coefficient increases. The RMA regression minimizes the squared normal deviates, following Kermack and Haldane (1950) and York (1966) . OLS regression parameters are more commonly reported than RMA regression parameters. For consistency, only the OLS regression coefficients are referred to in the text. Regression coefficients will be referred to as statistically significant at the 95% significance level and means are reported with their standard errors.
RESULTS
Cell size and cellular composition
The eight species in this study span an approximate 25000-fold range in volume, from just over 10 to over 250000 m . All species have similar pigment composition. Chlorophyll a and fucoxanthin represent 70-89% of the total cellular pigment content. Chlorophyll c,
-carotene, and diadinoxanthin account for the majority of the remaining pigment. Pigment and carbon content per cell, had positive, statistically significant relationships with cell volume (Table 2) .
Intracellular carbon appears to be approximately linearly related to cell volume. In constrast, intracellular chlorophyll a content has a size-scaling exponent of 
The size-scaling of metabolic processes
The size scaling exponents associated with the cellular composition, metabolic rates, and physiological parameters of the marine diatoms are presented in Table 2 . The intrinsic growth rates of the diatom clones span an 7.8-fold range, with doubling times from 33 hours for the smallest clone to 258 hours for the second largest clone. The size scaling exponent of
, which is not significantly different from the
rule ( Figure 1A ). 
Phytoplankton absorption parameters
The chlorophyll a-specific absorption spectra suggest that the size scaling of light absorption is due to the package effect. As the package effect increases the absorption spectra becomes flattened, resulting in a decrease in the ratio of the maximum absorption peaks. The absorption spectra of the diatom clones cluster in two distinct groups ( Figure 2A ). Chaetoceros calcitrans, Thalassiosira pseudonana, and Chaetoceros sp., the three smallest species examined, have high size scaling of metabolism into the bio-optic model of photosynthesis (Finkel and Irwin, 2000) . This can be done by decomposing is not size-dependent ( Figure 4C ).
DISCUSSION
This study confirms the significant linear relationship between § cell volume ( m ) and of the metabolic rates of the marine centric diatoms under nutrient-saturated, light-limited conditions. The intrisic growth rate and carbon-normalised respiratory rate have size scaling exponents not significantly different from
, in agreement with Tang (1995) and Tang and Peters (1995) . In constrast, carbon-specific In general, this study and previous evidence indicate that the quantum yield of photosynthesis and growth are independent of size (Geider et al., 1986) . The quantum yield of photosynthesis or carbon assimilation (o , close to the theoretical maximum (o max ), between 0.1 to 0.125 (Geider et al. 1986; Kirk, 1994) . In the present study with cell size is a pattern common to many phytoplankton taxa (Agustí, 1991) . This pattern suggests there is evolutionary pressure to decrease intracellular pigment concentration with cell size to optimise the optical absorption cross-section. Compared with constant (Falkowski, 1981) . Following the notation described in Falkowski and Raven (1997) , it is evident that Figure 4C 
